Exposing transthyretin amyloid to 1000 sub-nanosecond 2 MV/cm pulsed electric fields 15 (PEFs) promotes both amyloid disassembly and amyloid-derived transthyretin 16 disintegration. The process produced no change in pH, and the resulting temperature 17 increase was less than 1 ºC. We conclude that PEFs' physical effects facilitate amyloid 18 disassembly, rather than thermal or chemical effects, and provoke amyloid-derived 19 transthyretin disintegration, the latter of which is reported here for the first time. 20 21
Introduction 22
Various biological reactions to electric and pulsed electric fields (PEFs) have been 23 reported. [1] [2] [3] [4] [5] [6] Although much discussion has focused on membrane dynamics and damage, 24 attention is shifting to proteins because, both theoretically and experimentally, 25 membranes and their associated proteins, such as channels, pumps, actin cables, and 26 microtubules, respond to electric fields. 7-12 However, most previous studies analyzed 27 proteins in cells [13] [14] [15] and, therefore, did not consider cellular activities' contributions 28 under electric fields. For example, protein phosphorylation in PEFs may be the result of 29 trans-membrane calcium influx, which activates calcineurin and promotes kinase 30 activation. 16 To examine direct electrical effects, purified proteins must be exposed to 31
PEFs, but membrane and membrane-associated proteins may be theoretically under the 32 field of 1 MV/cm or more, derived from the equation (1). If an applied electric field (E) is 33 10 kV/cm, cell radius (r) is 10 m, θ = 0, and membrane thickness is 10 nm, the electric 34 field in the membrane (Em) is 35 36 = 1.5 cos = 1.5 MV/cm
(1) 37
38
Because it is technically difficult to apply strong electric fields to liquid samples, most 39 previous studies have used numerical calculations. [17] [18] [19] According to such calculations, 40 proteins change their three-dimensional structures under a static electric field of 1 41 MV/cm. Therefore, we focused on amyloid destruction theory, which speculates that 42 amyloid is destroyed under fields stronger than 1 MV/cm which last longer than 400 43 ns. 20 Many biologists and biochemists are skeptical about this theory because it is 44 difficult to prove experimentally, and amyloid collapse has yet to be confirmed. However, 45 verifying this theory would constitute a significant advance in biology, biochemistry, and 46 bioelectrics. Pandey et al. presented results to support the theory but applied a weaker 47 electric field of 230 kV/cm for longer than 40 hours. They used electrodes covered by 48
Teflon and polydimethylsiloxane to prevent breakdown, both of which weaken electric 49 fields in solution. 21 In this paper, we describe a sub-nanosecond high-voltage generator 50 and a specially designed chamber with a parallel gold-coated 1 mm electrode gap. We 51 investigated PEFs' thermal, chemical, and physical effects by applying 1000 pulses at 2 52 MV/cm to transthyretin amyloid. 53
54
Results 55 Transthyretin amyloid exposed to PEF 56 Transthyretin formed amyloid proteins at a pH of 4 and 37 ˚C (Fig. 1A ). Our generator 57 produced a voltage waveform of 200 kV with a 1 ns duration. A current emerged during 58 voltage application, suggesting the sample reacted as a resistive and capacitive load. 59
The electrode distance was 1 mm, making the maximum electric field 2 MV/cm ( Fig. 1B) . 60
Application of 1000 pulses of a PEF at 2 MV/cm appeared to erase transthyretin 61 amyloid of both the wild-type (WT) and L55P mutants, supporting the amyloid 62 destruction theory (Fig. 1C , D, and E). 63 64 Effects of reactive oxygen species, liquid pH, and liquid temperature can be ignored 65
Since PEF generates reactive oxygen species (ROS), mainly H2O2 in liquid samples, 22 66
we measured the amount of H2O2 that emerged after 2 pulses of 2 MV/cm PEFs, 67 detecting 0.08 ± 0.01 M H2O2 (Table1). Assuming that the amount of H2O2 varies by 68 pulse number, each concentration would be less than the pulse number times 0.08 ± 69 0.01 M. Amyloid did not collapse at any H2O2 concentration, even though at twice more 70 than Figure 2A and 2B ( Fig. 2A, B , C, and D). A comparison of the liquid pH before and 71 after the application of 1000 pulses revealed no change from the initial value of 6.8 72 (Table1). Furthermore, 1000 pulses raised the liquid temperature by less than 1 °C (Fig,  73   2E ). This indicates direct electrical stress, rather than chemical or thermal effects, 74 induced amyloid destruction. 75 76 Stronger electric fields promoted amyloid disassembly 77
Exposing amyloid to 1000 pulses of a 2 MV/cm PEF destroyed amyloid more effectively 78 than 1 MV/cm pulses, in a manner consistent with the proposed theory ( Fig. 3A, B , and 79 C). 80
An electric field has the potential to form new covalent bonds in egg whites. 23-25 A 2 81 MV/cm PEF may promote aggregation of amyloid with a molar weight too large to 82 detect by gel electrophoresis, consequently reducing the amyloid band. A stacking gel 83 photograph showed heavy molecules did not aggregate after 1000 pulses of 2 MV/cm 84 PEF, supporting the amyloid disassemble hypothesis ( Fig. 3D ). 85 86 PEF digested amyloid-derived transthyretin but not tetramer-derived transthyretin 87
To examine whether transthyretin persisted after PEF application, we performed 88 reducing-condition sodium dodecyl sulfate-polyacrylamide gel electrophoresis 89 (SDS-PAGE). The subunit band of transthyretin disappeared after 1000 pulses of a 2 90 MV/cm PEF in both WT and L55P mutants, indicating that amyloid transthyretin was 91 digested ( Fig. 4A and B ). However, normal tetramer transthyretin was less affected 92 than amyloid transthyretin; the tetramer transthyretin monomer band did not 93 dramatically disappear at 1000 pulses of a 2 MV/cm PEF in either WT or L55P ( Fig. 4C) . 94
Although non-specific bands between 63 kDa and 75 kDa usually appear in reduced 95 SDS-PAGE, signal intensity and subunit band disappearance exhibited no apparent 96 correlation ( Supplementary Fig.4 ). 97
Measurement of absorbance using the bicinchoninic acid (BCA), which detects peptide 98 bonds, revealed that the absorbance of L55P amyloid with 1000 pulses at 2 MV/cm 99 decreased significantly, suggesting that the PEF broke peptide bonds to digest 100 transthyretin. The WT protein was not associated with significant reductions, but the 101 treated samples tended to reduce signal strength ( Fig. 4D ). 102 103 Discussion 104
Amyloid destruction theory requires improvement 105
Our current results support the amyloid destruction theory but also suggest the theory 106 should be modified to explain protein digestion, which had not been predicted and which 107 did not happen in tetramer transthyretin. The differences between amyloid and tetramer transthyretin in SDS-PAGE can be explained by charge density derived from 109 charged and polarized amino-acids, and mechanical oscillation frequency. The amyloid 110 structure appeared much denser than the tetramers' structure, implying that amyloid 111 may be subject to greater electrical stress due to higher charge density. 26, 27 In terms of 112 oscillation frequency, supramolecular vibration (whole-structure vibration) frequencies 113 in microtubules and filaments cover the MHz-to-GHz range. However, molecular 114 vibrations of normal proteins derived from weak bonds and atoms around the bonds are 115 in the THz level. 28, 29 The PEFs' main frequencies were near 50 MHz and 250 MHz, 116 which was consistent with supramolecular vibrations (Fig. 5A, and 5B ). PEFs of 2 117 MV/cm lasting 1 ns may efficiently promote sympathetic amyloid vibrations and, 118 consequently, induce collapse of covalent bonds of transthyretin. To examine this 119 hypothesis, we anticipate measuring impedance frequency characteristics of tetramer 120 and amyloid transthyretin, adjusting the PEF duration to longer than 2 ns, in future 121 experiments. 122
One of the possible reasons WT amyloid was not significantly reduced ( Figure 4D) is 123 that the amount of WT amyloid was less than that of L55P ( Fig. 1A and 3D ), and the 124 amount of decrease was too small to fulfill a criterion of significant decrease. 125
Local pH shift on electrode surface vicinity 127
Non-buffer solutions can cause pH values to jump on a cathode surface and plunge on 128 the anode side, while a buffer solution produces smaller effects. [30] [31] [32] Transthyretin 129 amyloid formed at pH 4 ( Fig. 1A) , amyloids at pH 9 remained ( Fig. 1E and 3C) , and 130 amyloid was found in a HEPES buffer. These results suggest that a pH shift may not 131 affect amyloid disintegration, regardless of whether a local pH shift occurs. 132
133
Electric field emerges in sample solution 134
Some electrochemists consider voltage division of the applied PEF, due to electric 135 bilayers on the cathode and anode, as parallel to resistance and capacitance. However, 136 in high-frequency electric fields more than 1 MHz, the impedance of electric bilayers 137 theoretically drops to zero, and the impedance of load will be almost identical to that of 138 the solution. 33-36 A 1 ns pulse width of 2 MV/cm has peaks at 50 MHz and 250 MHz 139 frequency, and we believe that the current PEF was fully applied to the protein 140 solutions. 141 142
Conclusion 143
This paper not only supports the amyloid disassemble theory that electric fields stronger than 1 MV/cm promote amyloid collapse, but also suggests a need to add a 145 protein digestion hypothesis to the theory. Our experiment confirmed that amyloid We used a nanosecond pulse to prevent plasma formation in the PEF exposure 163 chamber. Our high-voltage nanosecond pulse generator consisted of a spark gap-driven 164 10-stage Marx circuit with an output capacitance of 94 pF; a pulse-peaking section, 165 including a coaxial capacitor with the capacitance of 12 pF and a spark gap as the 166 output switch; and another spark gap as a tail-cut switch for reducing the pulse to 1 ns. 167
The Marx circuit was pressurized with 0.57 MPa nitrogen (N2) gas, whereas the 168 pulse-peaking section and the tail-cut switch were pressurized with 0.5 MPa sulfur 169 hexafluoride (SF6) gas to energize the system. We used a capacitive divider and a 170 self-integrated pick-up coil to measure the voltage and current in the PEF exposure 171 chamber, respectively. High-voltage pulses up to 200 kV and lasting 1 ns were delivered 172 to 1 mm-gap, parallel-plane electrodes to generate an electric field exceeding 1 MV/cm. 173
The electrodes were made of stainless steel (SUS316), and the anodic electrode was 174 gold-coated to minimize the chemical effects of metal ions from the electrodes. The pulse 175 repetition rate was fixed at 1.7 Hz to prevent the solution temperature from rising 176 during PEF exposure. 177 178 H2O2 detection, pH measurement, and temperature measurement 179
We used an Amplite Fluorimetric Hydrogen Peroxide Assay Kit *Near Infrared Fluorescence* from CosmoBio to measure H2O2 concentrations. We prepared a working 181 solution (Amplite IR Peroxide Substrate, 0.8 U/mL peroxidase) and mixed the solution 182 with miliQ at a ratio of 100:100 L. The mixed solution was exposed to 2 MV/cm for 2 183 pulses and collected. Because the maximum treatable amount was 25 L, we combined This study used a protein assay BCA kit from Wako to measure the amount of 226 transthyretin amyloid. An iMark microplate reader from BIO-RAD measured 227 absorbance at 570 nm. Amyloid absorbance, without PEF application, was calculated by 228 subtracting the raw absorbance of 0-pulse amyloid from that of a no-pulse triple-diluted 229 HEPES buffer. Absorbance of 1000 pulses at 2 MV/cm was acquired by subtracting the 230 raw absorbance of treated amyloid from that of exposed triple-diluted HEPES buffer. 231 232
Statistical analysis 233
The data were presented as the mean ± standard error (SEM) for n samples (as shown 234 in Fig. 5 ). Statistical analyses were performed using a two-tailed t-test; p < 0.01 was 235 considered statistically significant. 
